Almost all industrial tasks require the use of gloves to protect the hand from the environment. Whether this environment consists of sharp tools, extreme temperatures, or harsh chemicals, gloves are donned to protect the hand. While the safety function of gloves has never been in any doubt, understanding of the effect of gloves on task performance is muddled at best. There is some conflicting evidence on the effects of gloves on performance, with some studies reporting performance decrement while others report performance improvement with gloves. However, the conflict associated with providing hand protection while permitting adequate hand functioning has been widely recognized in glove design. This is true for both space sector gloves and commercial sector gloves.
Many articles have been published in the area of the effect of gloves on task performance (see for example Lyman and Groth, 1958; Bradley, 1969a, b; Cochran et al, 1986; Adams and Peterson, 1988; Mital et al, 1994) . In summary, the effect of gloves on performance capabilities is that gloves may decrease some aspects of performance, and that the performance decrement is a function of glove material characteristics. While most of the published studies have been on commercial gloves, the only studies on EVA gloves have been the investigations performed by O'Hara et al (1988) and Bishu et al (1993a, b) . O'Hara et al (1988) studied two levels of hand conditions (gloved and barehanded), two levels of pressure differential (0 psid and 4.3 psid; 0 kPa and 29.6 kPa), and three levels of hand size (small, medium and large). Bishu et al (1993a, b) studied the effects of EVA gloves at different pressures on human hand capabilities. A factorial experiment was performed in which three types of EVA gloves were tested at five pressure differentials. The independent variables tested in this experiment were gender, glove type, pressure differential, and glove make. Six subjects participated in an experiment where a number of performance measures, namely grip strength, pinch strength, time to tie a rope, and the time to assemble a nut and bolt, were recorded. Tactile sensitivity was also measured through a two-point discrimination test. The salient results were:
With EVA gloves strength is reduced by nearly 50%. Performance decrements increase with increasing pressure differential. With EVA gloves there is a considerable reduction in dexterity. Dexterity performance decrements increase with increasing pressure differential.
EVA activities involve certain levels of hand exertions for periods of time. Therefore, two issues are relevant here: the extent of exertion and the time of exertion. The studies discussed above have addressed the extent of exertion. However, an important question that needs to be addressed, but which has not been, is how long can a person sustain a level of exertion in performing EVAs. This deals with muscular fatigue (1988) attempted to measure fatigue through shifts in the median frequency of the EMG power spectrum, but the results were uninterpretable.
A number of researchers have used the functional relationship between force exerted by a muscle group and the time of endurance as a predictor of muscle fatigue (Rohmert, 1960; Monod and Scherrer, 1965) . In general, endurance time increases with decreasing force. Bishu et al (1990) have used endurance time for evaluating container handles. The objective of this investigation was to answer the question 'How long can a person sustain a level of exertion in performing EVA activity?'. The aim was to develop force time relationships for a variety of EVA glove-pressure combinations. It was expected that such relations would generate some information relating to static muscle fatigue.
Methods

Subjects
Six subjects (three males and three females) participated in this experiment. Their participation was voluntary.
Independent variables
The independent variables tested in this experiment were gender, glove type, pressure differential, and level of exertion. Three levels of pressure differential were used in this experiment (0 psid, 4.3 psid, and 8.3 psid). The intent was to develop a force-endurance relationship at each pressure, for each glove. Three different gloves were tested here: the current 3000 series gloves in training astronauts in the weightless environment training facility (referred to hereafter as Glove C), and two advanced developmental gloves (referred to hereafter as Gloves A and B). These gloves were an assembly of three different kinds of glove: an internal comfort glove, a pressurizable rubber glove, and an external glove. Typically, an astronaut dons these three layers of gloves. The three types of glove tested here differed in the middle and external layer. Four levels of exertion were used here: lOO%, 75%) 50% and 25% of maximal voluntary contraction. The performance measure was the endurance time, or the time to which a person could sustain the level of exertion. To summarize, the independent variables with their respective levels were: [:j
gender: male and female; pressure: 0,4.3 and 8.3 psid (0,29.6 and 57.2 kPa); glove condition: A, B, C and barehand; level of exertion: lOO%, 75%, 50% and 25%.
Glove box
The tests were conducted inside a glove box. The glove box is cylindrical in shape, approximately 2 ft (600 mm) in diameter and 4 ft 1200 mm in length, with an s internal volume of 13 ft (0.37 m 4 ) ( Figure I ). On each side of the glove box were two end caps, made of Plexiglas.
About midway along the axis of the glove box were two 6 in (150 mm) circular openings in the cylinder wall, placed shoulder width apart, which provided access and an attachment point for the EVA glove and arm assemblies. The glove box was connected to a vacuum pump and could be evacuated to any desired pressure level. There was a gauge on the outer cylinder wall calibrated to read the pressure differential. The set up for this experiment was similar to the one described in Bishu and Klute (1993) . Figure 2 shows the types of gloves tested.
Procedure
There were 36 treatment conditions in this experiment. The order of presentation of the conditions was randomized for each subject. Initially the maximum voluntary contraction (MVC) for each glove-pressure combination was measured using a Jamar hand dynamometer.
The dynamometer was wired to a Teat recorder.
The four levels of exertion at any glovepressure combination were computed with respect to the MVC at that combination. A trial consisted of the following steps:
The exertion level for the 'condition of the day' was first calculated. The glove box was pressurized to the 'condition of the day'. The subject donned the relevant EVA for the 'condition of the day' and exerted to the computed level of gripping force on the Jamar hand dynamometer. The subject maintained the level of exertion for as long as he/she could, before quitting voluntarily. The endurance time was recorded through the Teat recorder and a stopwatch.
A 24 h rest period was followed between trials. As a result, the experiment lasted for 36 days in all.
Results
A multifactor analysis of variance (ANOVA) was performed on the data for two dependent measures, endurance time and exertion force. The ANOVA summary for exertion force is given in Table I , while the corresponding summary for exertion level is given in Table 2. Table 3 presents the mean and standard deviation of force values at all the treatment conditions, while Table 4 shows the corresponding endurance time values for all the treatment conditions. It is interesting to note that while all the main effects and the first-order interactions are significant for exertion force, the endurance time seems to depend only on the exertion level. Exertion force results Figure 3 shows a plot of the exertion level X glove interaction for the exertion force. It is apparent that the force exerted at the exertion levels tested is significantly higher for bare hand than for gloved hand. This is expected, as gloves tend to reduce grip strength. Figure  4 shows the exertion level X pressure interaction for the exertion force. The difference between 0 psi and the other two pressures is significant, with the greater forces being exerted at 0 psid than at 4.3 and 8.3 psid. Figure 5 shows a plot of the glove X pressure interaction for the exertion force. Barehanded force is much greater than the gloved hand force. Among the two developmental gloves tested here, subjects seem to exert greater force with glove B at 8.3 psid than with glove A. An explanation is in order here. Gloves A and B were being designed for use at 8.3 psid whereas glove C was designed for use at 4.3 psid. There are some space environment advantages in working at 8.3 psid, which was the primary reason for the development of the advance developmental gloves A and B. Figure 6 shows a plot of the gender X glove interaction for the exertion force. Female subjects demonstrated lower strength capabilities than male subjects, and this difference is consistent across all glove configurations tested. Figure 7 shows a plot of the gender X pressure interaction for the exertion force. Again, female subjects demonstrated lower strength capabilities than male subjects, and this difference is consistent across all the pressure differentials.
Endurance time results
Perhaps the most interesting finding of this experiment is the lack of significance of almost all factors for the endurance time. As is seen in Table 1 , the subject effect and the exertion level effect are the only significant effects. Figure 8 shows a plot of the exertion level effect on the endurance time, across all glove configurations and pressure differentials. The endurance time is least at 100% exertion level, and most at 25% exertion level. As the plot in Figure 8 resembled a negative exponential relationship, a similar model was fitted to the data. The model was determined to be Endurance time = 435.257 eP3.0792p, 2 = 0.6232 (1) where y = level of exertion expressed as a ratio of absolute exertion in a configuration to the maximum exertion at that configuration.
According to this equation the maximum possible endurance (at p = 0) is 435.257 s, while minimum endurance (at p = 100%) is about 7 s.
Discussion
Among the two dependent variables tested in this experiment, the findings on exertion force are consistent with those reported by these authors in their earlier study (Bishu and Klute, 1993) . Female subjects tended to perform slower, and showed lower strength capabilities. The reduced strength capabilities of females were consistent across all pressure differential conditions, although there was a lower pressure effect on female subjects than on male subjects (see Figure 6 ). The fit of the glove to the hand, which was not controlled in this experiment, may have caused some of the observed gender difference. Just one pair of gloves in each glove condition, fitting the largest male hand, was used in this experimeht. The finding that both pressure and glove reduce performance is consistent with those reported by O'Hara et al (1988) and others (Cochran et al 1986; Wang et al 1987) . With gloves there is an apparent increase in grip span and an earlier pressing of fingers with each other. The former should increase the grip strength, while the latter should reduce the strength. It appears that the effect of increase in grip span with gloves is somewhat counteracted by the reduction in the inter-digital movements and range of motion when gloves are donned, resulting in net reduction in performance.
Perhaps the most interesting finding of this experiment is the lack of significance of almost all factors for the endurance time. A glove effect, pressure effect, glove X exertion level, and pressure X exertion level interaction were expected. Results indicate that subject and exertion level effects were significant. There are two explanations for this. It may have been an artefact of sample size, or due to some lack of control in the experiment. The experimental procedure was to let the subjects exert once a day, for 36 days. However, owing to scheduling constraints and other difficulties, some of the subjects performed two experimental conditions per day, on certain days. The second, and the more probable explanation, is that the physiological cost may be the same for barehand and gloved/pressurized conditions at any level of exertion. For example, let us say that a person exerts 100 lb of grip strength at his/her 100% barehanded condition, and 80 lb of grip strength at his/her 100% gloved condition. Judging from the results of this study, the muscular exertions of the lower and upper arm musculature may be the same for both because the observed endurance time was similar. Therefore, the fatigue can be expected to be the same for both. The same argument can be made for other levels of exertion. At 50% exertion level, the grip strength for the barehanded and gloved condition will be 50 lb (22.7 kg) and 40 lb (18.1 kg) respectively; the upper arm and lower arm musculature may again be fatiguing at the same rate, as indicated by similar endurance time. This is consistent with the findings reported by Sudhakar et al (1988) . In comparing gloved and barehanded performance, the authors reported similar electromyographic activity of the lower arm muscles in both conditions, though the gloved hand resulted in reduced strength capability.
The endurance time equation developed here is similar to those determined by Rohmert (1960) ) Monod and Scherrer (1965) . However, the endurance time is asymptotic to the abscissa in the Rohmert (1960) and Monod and Scherrer (1965) expressions, at 15% and 14% of maximum voluntary contraction respectively, while here the maximum possible endurance is 435 s. The finding that the endurance time depended only on the exertion level, expressed as a percentage of maximum at that glove condition, has profound significance for theoreticians as well as for practitioners. For the practitioner, prescriptions for endurance time for any activity can easily be provided by just determining the exertion level of that activity. For theoreticians, the answer to the question of 'Why should the endurance time not be dependent on pressure differentials or on the type of glove donned?' could be interesting.
In summary, endurance time can be represented by the following set of equations:
Endurance time = aebP (2) where a is the maximum endurance time, b is the fatigue rate, and p is the level of exertion, and exertion force at any exertion level p can be expressed by Exertion force = k(GS)p (3) where GS is the maximum grip strength in a barehanded condition, k is a hand condition factor (k = 1 for barehanded, and <l for gloved conditions), and p is exertion level. With these equations, one can describe glove/pressure conditions through k (the hand condition factor).
Conclusion
Performance decrements occur with gloves and with increasing pressure differential. However, the endurance time is dependent only on the exertion level expressed as a percentage of maximum exertion force in that hand condition. It is possible to develop a general exponential equation for endurance time, and describe the hand condition through a 'hand condition' factor. Glove hand fit was not controlled in this study and may have had an impact on the findings. More research is needed to determine the exact effects of size and glove material on performance. Such data will be invaluable to the designer of hand gloves.
